Abstract-This paper reports the development, evaluation, and first clinical trials of the access to the prostate tissue (APT) II system-a scanner independent system for magnetic resonance imaging (MRI)-guided transrectal prostate interventions. The system utilizes novel manipulator mechanics employing a steerable needle channel and a novel six degree-of-freedom hybrid tracking method, comprising passive fiducial tracking for initial registration and subsequent incremental motion measurements. Targeting accuracy of the system in prostate phantom experiments and two clinical human-subject procedures is shown to compare favorably with existing systems using passive and active tracking methods. The portable design of the APT II system, using only standard MRI image sequences and minimal custom scanner interfacing, allows the system to be easily used on different MRI scanners.
I. INTRODUCTION
W E report the development and preliminary clinical evaluation of a scanner independent robotic system, called the access to the prostate tissue (APT) II system, for magnetic resonance imaging (MRI)-guided transrectal prostate interventions, such as needle biopsy, fiducial marker placement, and therapy delivery. The system utilizes a novel manipulator, see Fig. 1 , employing a steerable needle channel and a novel six defree-of-freedom (6-DOF) hybrid tracking method comprising passive fiducial tracking for initial registration and subsequent incremental motion measurement along the degrees of freedom using fiber optical encoders and mechanical scales. Phantom and clinical targeting accuracy and procedure times are shown to compare favorably with existing systems using passive tracking (in which the pose of the device is determined through passive imaging of embedded fiducials) and active tracking methods (in which the pose of the device is measured through an active sensor, e.g. MR tracking coil).
The APT II hybrid tracking method solves a significant practical problem with the APT I system [1] , namely, the APT I's need for custom active tracking MR scanner sequences. Moreover, this hybrid tracking method is applicable to other image-guided interventions. There is a strong present need for an MRI-guided prostate intervention system as a research validation tool. In particular, MR spectroscopy (MRS), dynamic contrast enhancement (DCE-MRI), and diffusion-weighted imaging (DWI) are rapidly developing MRI modalities, whose capabilities in finding cancerous lesions in the prostate can be tested using this intervention system.
Reported herein are the results of the first two clinical procedures with human subjects performed with the APT II system at the National Institutes of Health (NIH) Radiation Oncology Branch (ROB), Bethesda, MD. APT II systems have been deployed at the following three clinical sites: 1 the NIH ROB, 2) the Radiation Oncology Department, Princess Margaret Hospital (PMH), Toronto, ON, and 3) the Department of Radiology, Johns Hopkins University (JHU), Baltimore, MD. Each clinical site uses a different MRI scanner and employs a different clinical protocol. The APT II system received nonsignificant risk determination from the Food and Drug Administration (FDA) in conjunction with clinical protocols at the NIH. The system received Internal Review Board approvals at NIH, PMH, and JHU with their respective clinical protocols. The protocol for PMH was also approved by Health Canada. To date, the APT II system has been employed in 21 patient cases at NIH, PMH, and JHU. Our previous generation APT I system was employed in 37 clinical human-subject trials at NIH [1] - [4] . We have employed the APT II on different 1.5 and 3.0 Tesla (T) closed-bore MRI scanners manufactured by Siemens, General Electric, and Phillips. Clinical studies using the APT II are ongoing at NIH, PMH, and JHU.
II. PROSTATE CANCER DIAGNOSIS AND THERAPY
Prostate cancer is the most common cancer in men in the U.S. In the U.S. in 2011, an estimated 240 890 men will be diagnosed with prostate cancer and 33 720 will die of this disease [5] . One in six U.S. men contract prostate cancer during their lifetime, and 1 in 36 U.S. men die of this disease. Approximately 1.2 million prostate biopsy procedures are performed annually in the U.S. [6] , [7] .
A. Ultrasound-Guided Prostate Intervention
The present-day definitive diagnosis for prostate cancer is core needle biopsy, pursuant to either an elevated prostatespecific antigen (PSA) blood level or a positive digital rectal exam (DRE). The "Gold Standard" of guiding biopsy, as well as of most local therapies, is transrectal ultrasound (TRUS) image guidance [8] . The physician manually places a TRUS probe in the rectum, and under ultrasound guidance, inserts a biopsy needle through the wall of the rectum into the prostate gland. The needle removes a half cylinder of tissue, which is examined pathologically to determine if cancer is present. Several biopsy samples are taken from different areas of the prostate. Usually 6 (hence "sextant biopsy") to 18 cores are removed from upper, mid, and lower areas of the left and right sides to obtain a representative sampling of the gland and determine the degree and extent of cancer.
TRUS-guided prostate biopsy is widely employed due to its real-time nature, relatively low cost, and ease of use. Its limitations, however, are substantial. Although shortcomings have been known over a decade and often reconfirmed, there are no major improvements in sight. Using standard techniques, biopsy of men with PSA blood test values in the range of 4-10 ng/mL, generally result in a cancer detection rate of 20%-30% [9] , [10] . Numerous studies have shown that TRUS-guided prostate biopsy fails to detect cancer in at least 20% of patients with cancer [11] - [14] . Studies report that TRUS-guided biopsies are limited by low sensitivity of 60% with only 25% positive predictive value, in which no significant change has been seen, for example, by Terris in the past 15 years [15] . Such observations have been corroborated by many, including [7] , and [16] - [19] . For example, Gann et. al. report "Seventy to 80% of the approximately 1.2 million patients who undergo prostate biopsy each year in the U.S. receive negative results (i.e., no cancer), but cannot be completely reassured because a cancer may have been missed by (TRUS-guided biopsy) sampling error" [7] . Studies have shown that more than one-third of men, whose first biopsies were negative were rebiopsied within the next five years, resulting in a large number of repeat biopsy cases [19] . Despite advances in ultrasound imaging methods, TRUS imaging is generally unable to differentiate between healthy tissue and cancerous lesions in the prostate. In consequence, contemporary TRUS-guided biopsy cannot identify or target lesions, and cancerous nodes of clinically significant size are routinely missed. Clearly, significantly improved alternatives to TRUS image guidance are needed.
B. Case for MRI-Guided Prostate Intervention
MRI possesses many of the capabilities that TRUS is lacking. MRI is an attractive choice for image guidance, primarily due to its high sensitivity for detecting prostate tumors [13] , [20] - [23] , high spatial resolution, excellent soft tissue contrast, and volumetric imaging capabilities.
Advances in pelvic and endorectal coils have dramatically enhanced the ability of MRI to visualize prostate tissues [24] , [25] . MRI can clearly visualize the prostate and its substructure including the peripheral zone (PZ). As the PZ is the most common site of origin of prostate cancer, localizing and targeting suspicious PZ lesions during prostate biopsy are expected to increase cancer detection rate. T2-weighted images can identify suspicious nodules in the prostate, allowing targeted biopsy and subsequent local therapy.
Several novel MRI methods are currently being developed in an effort to improve the specificity of prostate cancer detection and characterization, including MRS [13] , [26] , DCE, T2 maps, and diffusion imaging [27] , [28] . MRI can visualize the distribution and buildup of injected liquid agents in the prostate [29] , [30] and solid capsules [29] , [31] . MRI can also monitor the progress of thermal therapies in real time [32] , [33] .
C. Previously Reported MRI-Compatible Prostate Intervention Systems
This section reviews previously reported MRI-compatible systems for prostate intervention.
1) Transrectal Approach:
In [1] , [3] , [4] , [29] , [30] , [34] , and [35] , the authors reported the development and clinical evaluation of an MRI-guided system for transrectal prostate biopsies, therapy injection, and marker placements. The system, called the APT I, contains a single-loop MRI endorectal imaging coil and employs active tracking for device localization. In vivo and in vitro accuracy results were reported. This APT-I clinical system has been successfully used in 37 patient procedures to date. To the best of our knowledge, the APT I system is the only clinically utilized systems for transrectal MRI-guided access to the prostate employing active tracking.
Beyersdorff et al. [36] and Engelhard et al. [37] reported MRI-guided transrectal needle biopsies in clinical studies with a system (InVivo Germany GmbH, Schwerin, Germany) employing manual alignment and passive tracking of a needle sleeve. Barentsz et al. [38] reported phantom studies with an MRI-compatible pneumatically actuated transrectal robot. Elhawary et al. reported phantom experiments with a prototype robotic system using piezoceramic motors for transrectal prostate biopsy [39] .
2) Transperineal Approach: MRI-guided transperineal prostate intervention has been demonstrated in clinical studies inside an open MRI scanner [31] and conventional closed MRI scanner with the use of static needle-guiding templates [40] . A surgical assistant robot reported by Chinzei et al. [41] was adapted to assist transperineal intraprostatic needle placement [42] . Tadakuma et al. reported the use of dielectric elastomer actuators in a preclinical prototype MRI-compatible robot for transperineal needle placement in the prostate [43] , [44] . Stoianovici et al. reported phantom experiments with a pneumatically actuated device for transperineal brachytherapy seed placement [45] . In [46] and [47] the authors reported the development of a device with a pneumatically actuated needle guide and manual needle insertion for transperineal needle placement in the prostate, and reported phantom experiments. Goldenberg et al. reported phantom studies with a robotic system employing ultrasonic actuators in closed MRI scanners [48] . In [49] , van den Bosch et al. reported the first clinical procedure using a hydraulically and pneumatically actuated tapping robot.
3) Transgluteal Approach: Zangos et al. reported preliminary clinical results with 25 patients using the transgluteal approach with an open configuration 0.2-T MRI scanner, with targeting based on T1 and T2 diagnostic images previously acquired with a 1.5-T scanner [50] . However, they did not detail the technique used for the fusion of high-field diagnostic and low-field intraoperative MRI sequences. Zangos et al. reported the usage of the Innomotion pneumatic robot in a cadaver study at 1.5 T for transgluteal prostate needle placements [51] , and transgluteal MRI-guided galvanotherapy [52] .
D. Clinically Significant Prostate Cancer Tumor Size
Prostate cancer is a progressive disease. As tumor volume increases, so does malignant potential. McNeal et al. found that metastasis occurs only in prostate cancer tumors larger than 4 mL and with Gleason Grades 1 of 4 or 5 [54] . A 0.5-mL prostate cancer volume has been proposed as the limit of clinically significant prostate cancer foci volume [16] , [55] . Assuming spherical shaped tumors, a 0.5-mL tumor volume corresponds to a sphere with diameter 9.8 mm. We conclude that an MRI-guided biopsy system employing a targeting accuracy of about 5 mm or better could reliably access clinically significant prostate cancer foci.
III. NOVEL 6-DOF HYBRID TRACKING METHOD
The development of MRI-guided robotic intervention instruments is complicated by the need to track in real time the pose (i.e. position and orientation) of these instruments within the MRI scanner. This section reviews previously reported tracking methods and reports the design and performance of the proposed hybrid tracking method.
A. Previously Reported Tracking Methods
Previously reported approaches for tracking of robotic and manual instruments within MRI scanners are as follows:
1) Joint Encoder Tracking: In this approach, the pose of the intervention device (e.g. needle or other surgical device) is determined by joint encoders at the device's articulated joints [41] , [56] , [57] . This approach requires the addition of a custom rigid mechanical mounting system to the MRI scanner, and a precise precalibration of the device with respect to the scanner coordinate system.
2) Passive MRI Fiducial Feature Tracking: In this approach, the pose of the intervention device is determined by localizing passive fiducial markers embedded within the device. Susil et al. developed a passive needle guiding template for transperineal MRI-guided prostate brachytherapy, where the template holes were filled with contrast material, preoperatively localized in standard T1-or T2-weighted images, and registered to the coordinate frame of the MRI scanner [2] , [40] . Beyersdorff et al. reported an MRI-guided transrectal needle biopsy system, which employs a passive fiducial marker sleeve coaxial with the biopsy needle [36] .
3) Optical Pose Tracking: In this approach, the pose of the intervention device is determined by an optical tracking system deployed and calibrated to the scanner coordinate system. This approach requires line-of-sight between the optical tracking cameras and the device, and requires passive optical targets or tethered LEDs to be attached to the instrument. DiMaio et al. employed an optical tracker with an open MRI scanner to register the end-effector of an interventional robot to the MRI coordinate system [42] .
4) Gradient Field Sensing:
In this approach, the pose of the intervention device is determined by a tethered three-axis magnetic sensor embedded within the device that senses the scanner gradient fields. Hushek et al. investigated an FDA-approved commercial tracking mechanism called EndoScout (Robin Medical Systems, Baltimore, MD) in an open MRI scanner [58] . In present implementations, the tracking sensors must be placed close to the MRI magnet's isocenter, and thus, may occupy critical volume in the end-effector. This approach requires a precise one-time calibration procedure to be performed over the entire field of interest in each MRI system on which it is installed.
5) Micro Tracking Coils:
In this approach, the pose of the intervention device is determined by three (or more) tethered microtracking coils that are embedded within the device to sense custom-programmed MRI pulse sequences. Microtracking coils, originally reported in [59] , were employed on the APT I system [1] , [29] to provide full 6-DOF tracking at 20 Hz. Its advantages are exceptionally fast and accurate (0.2 mm and 0.3
• ) 6-DOF instrument tracking. Its disadvantages are its lack of robustness due to the delicate microcoils, the need for three (or more) dedicated scanner channels, and its need for customprogrammed tracking sequences that are not standard on commercial MRI scanners. The need for custom-programmed tracking sequences renders this approach impractical for widespread clinical deployment at present.
B. 6-DOF Hybrid Tracking of MRI-Compatible Instruments
This novel approach determines the pose of the intervention device by combining a one-time initial passive tracking with MRI-compatible joint encoding to provide full 6-DOF instrument tracking throughout an MRI-guided interventional procedure. Our objective was to develop an alternative tracking methodology for the APT II system with the following performance goals: 1) measure 6-DOF pose with accuracy comparable to or surpassing previously reported approaches; 2) employ only standard MRI pulse sequences; 3) minimize embedded electronics; and 4) MRI-compatibility with no imaging artifacts.
The APT II hybrid tracking system, see Fig. 2 , employs two gadolinium fiducial marker tubes incorporated into the main axis of the system and two marker tubes placed parallel to the needle channel. At the beginning of an interventional procedure, the initial pose of the APT II system in scanner coordinates is obtained by segmenting the four fiducial markers (Beekley Corp., Bristol, CT) placed on the APT II system in MRI images. From this initial pose, motion of the device along its axes is encoded with fiber optical and manual encoders. A thin slab of 1 mm × 1 mm × 1 mm isotropic sagittal turbo spin echo (TSE) proton density (PD) weighted images in the plane of the four markers is obtained with the scanner body coil. A robust segmentation algorithm based on the Hough transform, which finds on each binary reformatted image the best fitting center of a circle with known diameter, is employed to identify the centers of the four markers in multiple image slices normal to the marker axis (see Fig. 3 ). An algorithm was written based on the Hough transformation, which finds on each binary reformatted Fig. 3 . Example of two binary reformatted proton density (PD) weighted turbo spin echo (TSE) images axial to a fiducial marker. The segmentation algorithm finds the best fitting circle center indicated by a big cross on both images. The algorithm is able to find the center, even when air bubbles in the marker on the left contaminate the image. Small crosses indicate the border of the marker. image the best fitting center of a circle with known diameter of the marker. This segmentation is very robust even on images containing air bubbles in the marker. The singular value decomposition (SVD) [60] is employed to compute the least-square best-fit lines, and to perform outlier rejection, for the needle channel axis and the endorectal probe axis (see Fig. 4 ). The two axes determine the 6-DOF pose of the manipulator in scanner coordinates.
As outlined in Section IV-B, the three degrees of freedom to reach a target from this initial pose are rotation of the device, needle angle, and needle insertion. Rotation and needle angle change are redundantly encoded by MRI-compatible fiber-optic encoders and mechanical scales placed on the actuation knobs of the manipulator. The needle insertion depth is observed using the scale on the needle. This hybrid approach assumes that the APT II device and the prostate remain motionless from the time of passive registration to the time of needle intervention. A confirmation scan can be taken immediately before to evaluate device and patient motion, and the device can be reregistered if significant motion is detected. The fiber-optic joint encoders consist of photoelectric sensors (Banner Engineering Corp., Minneapolis, MN) placed in a box in the control room, adjacent to the shielded MRI scanner room. A two-channel quadrature design with a third channel as index pulse is used for both encoders. Each sensor provides one channel, therefore, six sensors are necessary to build the two encoders. Encoder resolution for rotation of the manipulator is 0.25
• , and for needle angle less than 0.1
• at all needle angles.
IV. APT II ROBOT DESIGN
The APT II system, see Fig. 1 , is a noncommercial research prototype consisting of the mechanical manipulator, a mounting arm, and a custom targeting software program.
A. Work Flow
MRI-guided transrectal prostate biopsy procedures with the APT II are typically conducted as follows:
1) The patient is positioned and secured on the scanner table in a prone position (or supine position, depending on protocol), and the APT II probe is inserted into the patient's rectum. 2) Thin sagittal volumetric MRI scan is taken to calibrate the APT II to the scanner coordinate system. 3) Optionally, a volumetric MRI scan is taken to guide anesthetic injection. 4) Diagnostic MRI scans (e.g., T2, DCE, DWI, etc.) are taken, with which the clinician selects 4-12 biopsy target locations. 5) Target locations are biopsied with the APT II. 6) In some cases, fiducial markers are inserted at selected targets using the APT II. As with most MRI-guided interventions in closed MR scanners, the patient (still secured on the scanner table) is removed from the scanner bore for biopsy and marker insertion, and optionally, returned into the scanner bore for confirmation images of needle/marker placement. 7) At the conclusion of the procedure, the APT II probe is removed from the patient's rectum and the patient is unsecured from the scanner table.
B. Steerable Needle Guide
Needle biopsy procedures with commercial biopsy needles, gold marker placements, and therapy delivery require a straight needle approach to the prostate. Fig. 5 shows a photograph of the steerable needle guide of the APT II system. The rectal sheath is inserted in the rectum such that the hinge is placed close to the exterior of the patient's anus. The rectal sheath contains a single-loop imaging coil, which is bonded into a machined groove on the sheath. The three degrees of freedom to reach a target inside the prostate are rotation of rectal sheath, angulation change of the steerable needle guide, and insertion of the needle. A wide range of needle angles from 17.5
• to 40
• provides full prostate coverage for most patients, while minimizing prostate deformation through decoupling of stationary endorectal sheath and internal movable needle channel.
C. Manipulator Design
A manually actuated design for the manipulator was chosen over an automated design to minimize development time and regulatory approval time for clinical trials. Moreover, manual actuation for insertion of the needle is preferred by many physicians because it enables visual confirmation of the needle alignment before insertion and tactile feedback during the insertion of the needle. Fig. 1 shows the manipulator with its endorectal imaging coil placed in a prostate phantom (CIRS, Inc., Norfolk, VA). The probe is positioned using an arm mounted on the scanner bed. The manipulator guides the needle tip of a standard automatic MRI-compatible biopsy gun (Invivo Germany GmbH, Schwerin, Germany) to a predetermined target in the prostate. A two-channel surface imaging coil is placed underneath the phantom to enhance the MRI signal, especially for the anterior part of the prostate. Fig. 6 shows a close up photograph of the manipulator. The sheath can be rotated 360
• , thus, allowing for a variety of patient positions including prone, supine, and decubitus.
Needle angle adjustment of the steerable needle channel is controlled by turning the smaller diameter knob on the manipulator. A narrow slot on the bottom of the endorectal sheath allows the needle to exit the sheath. Achievable needle angles (measured between manipulator axis and needle channel axis) range from 17.5
• . The hinge is placed as close as possible to the anus of the patient, thus, maximizing the needle angle for any given target in the prostate. A larger needle angle reduces the length the needle has to travel through the patient's tissue to reach the target. The endorectal sheath with the hinge and needle channel is cleaned and sterilized before every procedure. The manipulator is constructed mostly of plastic materials, principally of Ultem (GE Plastics, Pittsfield, MA), selected for its structural stability, machinability, and low cost.
D. Targeting Program
A new custom-developed targeting program was written for the APT II system. The targeting software displays the acquired MRI images, provides the automatic segmentation for the initial registration of the manipulator, allows the physician to select targets for needle placements, provides targeting parameters for the placement of the needle, tracks rotation and needle angle change provided by the encoders, while the manipulator is moved on target, and logs data. Fig. 7 shows a screenshot of a projection window provided by the targeting program. The red cross marks the desired target for needle placement in the prostate.
V. EXPERIMENTS AND RESULTS
The APT II system for MRI-guided transrectal prostate interventions was tested in a phantom imaging test, phantom targeting experiments, and two human subject cases. Possible sources of image-guided needle targeting error include image resolution and pixel size, initial registration accuracy, patient motion, robot motion, encoding resolution, and tissue deformation [61] , [62] . All tests and procedures were performed on a 3.0-T Philips Intera MRI scanner (Philips Medical Systems, Best, NL).
A. Experimental Evaluation of Hybrid Tracking Accuracy 1) Experimental Setup:
The accuracy of the passive tracking method for determining the initial device pose was tested in phantom experiments. A plate was built with three integrated channels (see Fig. 8 ): a channel representing the device axis, a channel for the needle axis at a 39
• angle (angle α) to the device axis, and a channel perpendicular to the device axis placed The marker plate assembly was imaged in 16 different orientations with an isotropic 1 mm × 1 mm × 1 mm PD-weighted TSE sagittal image sequence. The three line equations for the axes were calculated from the marker center locations, with a least-squares fitting algorithm based on the SVD, and the distance d, angle α, and distance between axes (see Fig. 8 ) were computed.
2) Experimental Results: Table I shows the accuracy results for the 16 different orientations. On the left half of the table, all recorded marker center locations were used to calculate each axis, on the right half of the table, only one center location for each marker was used. The standard and maximum deviation values in the right half of the table are only slightly higher than in the left half, indicating that only one location per marker yields satisfactory accuracy. Using all four markers to define the needle axis (in contrast to using markers 1 and 4 alone) only marginally improves accuracy.
3) Comparison of Microcoil and Passive Fiducial Tracking Accuracy:
To compare the accuracy of the hybrid tracking method to the active tracking method, error histograms of 16 passive tracking orientations were obtained and compared to 36 active tracking orientations obtained for active tracking [1] . Since the hybrid tracking method comprises initial passive tracking and subsequent encoder tracking, an error model for the encoders was added to the passive tracking results. The optical encoders, which will be used for the tracking, have a resolution of 0.25
• . A random, zero mean error with uniform distribution and an amplitude of 0.25
• was added to the passive tracking results to simulate the combined error of the hybrid tracking method. For the passive tracking error, the marker combination 1 and 3 with one circle per marker for segmentation was selected for comparison to the active tracking. Markers 1 and 3 are located at a distance of 45 mm from each other. Fig. 9 shows histograms of angular errors for the active tracking (left) and the hybrid tracking (right). The accuracy results for the hybrid tracking method are satisfactory, considering that with a reasonable distance between markers of 45 mm, the maximum angular deviation lies at 0.6
• . This is below the ± 1 • error for the active tracking.
4) Experimental Evaluation of Hybrid Tracking Accuracy:
The experimental results demonstrated that the hybrid tracking method can be used for accurate tracking of interventional robotic devices. Only one location per marker is enough to accurately compute an axis. Segmentation and consequent axis definition for initial pose tracking can be computed in a few seconds. Tracking errors compare favorably to active tracking, e.g., [59] , [29] , and [1] , but are more easily deployed since it utilizes only standard MRI pulse sequences.
B. Endorectal Coil Imaging Results
The APT II manipulator contains an endorectal imaging coil consisting of a single-turn coil integrated into the endorectal sheath. To assess the quality of the endorectal imaging coil, an signal-to-noise ratio (SNR) comparison of the endorectal coil with a commercially available flexible endorectal coil (MedRad, Inc., Indianola, PA) was performed. A 3.0-T Phillips Achieva scanner was used to obtain T2-weighted axial TSE MR volumetric sequences (TR of 9302 ms, TE of 180 ms, slice thickness of 3.5 mm, and echo train length 21) of a 2.5 g/L saline phantom. The MR sequence was selected for SNR comparisons since the same sequence is used for selection of targets for biopsy procedures in the clinical protocol. The image slice with highest signal intensity in the acquired volume was used for SNR comparison. The noise value for the SNR was computed as the standard deviation of a rectangle uniform noise distribution in an area of the image containing only air above the phantom-the Na- tional Electrical Manufacturers Association (NEMA) standard method [63] . Fig. 10 shows SNR maps for both coils. Despite the smaller diameter of the APT endorectal coil, it yielded higher SNR than the MedRad flexible coil. The SNR comparison suggests that performing high-resolution diagnostic imaging of the prostate prior to an interventional procedure is possible with the proposed system.
C. Phantom Needle Targeting Results
Phantom experiments were performed using standard MRIcompatible biopsy needles and artifact-free glass needles. The experimental setup is shown in Fig. 1 .
1) Biopsy Needle Placement Accuracy:
The manipulator was placed in a prostate phantom and its initial pose was registered. Twelve targets were selected within all areas of the prostate, from base through mid gland to apex, on T2-weighted axial TSE images (see Fig. 11 , first and fourth rows). All scans were axial with anterior-posterior (A-P) frequency encoding and left-right phase encoding.
For each target, the targeting program calculated the necessary targeting parameters for the needle placement. The phantom was withdrawn from the MRI scanner on the scanner table, the operator rotated the manipulator, adjusted the needle angle, and inserted the biopsy needle according to the displayed parameters. The phantom was inserted into the scanner to confirm the location of the needle on axial TSE PD images that show the MRI image void created by the biopsy needle tip close to the target point (see Fig. 11, second and fifth rows) . The in-plane error for each of the twelve biopsies, defined as the distance of the target to the biopsy needle axis, was calculated to assess the accuracy of the system. The needle line was defined by finding the first and the last slices of the acquired confirmation volume, where the needle void is clearly visible. The center of the needle void on the first slice and the center of the void on the last slice define the needle line. The out-of-plane error is not critical in biopsy procedures due to the length of the biopsy core, and was not calculated. The average in-plane error for the biopsy needles was 1.5 mm with a maximum error of 2.5 mm.
2) Glass Needle Accuracy: The MRI image void created by the biopsy needle is mostly due to susceptibility artifacts caused by the metallic needle. The void is not concentric around the biopsy needle, and its location depends on the orientation of the needle to the direction of the main magnetic field in the scanner (B0) and the direction of the spatially encoding magnetic field gradients [42] . Consequently, centers of needle voids do not necessarily correspond to actual needle centers. And since the same imaging sequence and similar orientation of the needle is used for all targets in a procedure, a systematic shift between needle void and actual needle might occur, which introduces a bias in the accuracy calculations. To explore this issue, every biopsy needle placement in the prostate phantom was followed by a placement of a glass needle to the same depth. The MR image of the glass needle is artifact free and concentric to the needle, and does not exhibit the susceptibility artifacts observed with metallic needles. The location of the glass needle was confirmed by acquiring axial TSE PD images (see Fig. 11 , third and last rows).
The average in-plane error for the glass needles was 0.6 mm with a maximum error of 1.4 mm, compared to 1.5 and 2.5 mm for the biopsy needles, which is sufficient to target the minimal clinically significant foci volume of 0.5 cc [16] . Analyzing the error reveals an average shift between glass needle void location and biopsy needle void location of 0.0 mm in the left-right direction, but 0.9 mm in the A-P direction. This shift in the A-P direction corresponds to the direction of the frequency encoding gradient of the TSE imaging sequence and is consistent with the findings reported in [42] .
3) Fiber-Optic Encoders Versus Mechanical Scales: The biopsy and glass needle placement accuracies reported in Sections V-C1 and V-C2 were obtained using the fiber-optic encoding system described in Section III for measuring the rotation and needle angle change of the APT II manipulator. Another 12 biopsy and glass needle placements were performed using the manual scales on the manipulator instead of the fiber-optic encoders for measuring rotation and needle angle change. The average in-plane biopsy error without the encoders was 2.1 mm and the average in-plane glass needle error was 1.3 mm. The combined in-plane needle placement error using manual scales alone was 0.6 mm greater (i.e., less accurate) than when using fiber-optic encoders.
D. Clinical Procedure Results
We report the results of the first two clinical procedures performed using the APT II system. Both patients had previous positive TRUS biopsy and received treatment with external radiation beam therapy (ERBT), following the MRI-guided intervention with the APT II system. For the first patient, five biopsies of four target sites and four gold marker placements were performed. For the second patient, eight biopsies of four target sites were obtained. Both procedures were performed without the use of fiber-optic encoders because the fiber-optic cables were too short to reach into the magnets at the time of the experiments; mechanical scales on the manipulator were used to measure the rotation and needle angle. Fig. 12 shows the accuracy results for the first patient. Four targets were selected on axial FSE PD images (see Fig. 12 , top row). The targets were placed at hypointense regions on the T2-weighted images, which represent suspicious areas for prostate cancer. One sample was procured from each of three target sites. One target was sampled twice. A gold marker was implanted at each target location after biopsy of the site. Gold markers are placed as fiducials for registration of subsequent radiation beam therapy.
Targeting accuracy of three biopsy needle placements was assessed using proton-weighted axial TSE needle confirmation images (see Fig. 12 , second row). The void created by the biopsy needle susceptibility artifact is visible close to the target. The mean in-plane targeting error for the biopsies was 1.1 mm with a maximum error of 1.8 mm. No needle confirmation image was taken from target 3, therefore, it is omitted from Fig. 12 . No special marker confirmation images were obtained for this procedure. The gold marker location for target number 1 was, however, confirmed on subsequent needle confirmation images (see Fig. 12, third row) . The distance from the center of the marker to the target location was 1.1 mm. Procedure time from start of imaging to the removal of the endorectal probe was 65 min. Fourteen minutes were used for scout and reference scans, 6 min for registration, and 15 min for acquiring reference and T2 axial images and selecting the targets. The biopsy and marker placement part of the procedure took 30 min.
The pathology report revealed that the biopsy sample taken at target number 1 was positive for prostate cancer with a Gleason grade of 3 + 4. The patient was treated with ERBT. The implanted gold markers were used to adjust for daily setup changes to optimize the radiation therapy [64] . In particular, the area around the gold marker implanted at positive target number 1 received a higher radiation dose than the surrounding tissue, as reported in [65] . Fig. 13 shows the placement accuracy results for the second patient. Needle confirmation images were obtained only for one target (see Fig. 13, first row) . The in-plane needle placement error was calculated as 3.9 mm. Analysis of the targeting and confirmation images showed a motion shift of the prostate, and the rectal sheath of the APT II occurred in between the two image sets. A 2-D anatomical error was calculated using the target and needle void location in reference to the prostate border (see Fig. 13, bottom row) . The 2-D anatomical error is defined as the difference in distance of the target location to the left-right, and top-bottom prostate border on the targeting image to the distance of the center of the needle void to the left-right, and top-bottom prostate border on the confirmation image. The 2-D anatomical error was calculated as 1.5 mm. The small 2-D anatomical error compared to the relatively large in-plane targeting error demonstrated that similar motion occurred between the APT II manipulator and the prostate.
The out-of-plane error was not explicitly calculated for the needle placements with the APT II system. The depth of all four needle placements was well within the 15-mm-long biopsy core. The pathology report revealed that the biopsy sample taken at 
VI. CONCLUSION
This paper reported the results of phantom imaging tests, detailed phantom targeting experiments, and two clinical procedures to evaluate the feasibility of performing prostate interventions with the proposed APT II system. The imaging tests show the capability of the system to obtain high-resolution diagnostic images for targeted biopsy and treatment. The performance of the APT II system can be summarized as follows:
1) The APT II system demonstrated millimeter needle placement accuracy for needle biopsy and gold marker placement inside closed configuration MRI scanner in phantom targeting and initial clinical procedures. 2) The APT II system demonstrated high-resolution imaging capability with integrated endorectal imaging coil.
3) The steerable needle channel minimized prostate deformation by decoupling a stationary endorectal sheath and an internal movable needle channel under direct physician control. 4) The steerable needle channel achieved increased coverage area and eliminated obstructions of the needle channel.
5) The unrestricted 360
• rotation allowed different mounting options of prone and supine patient position. 6) The hybrid tracking method eliminated the need for performing manipulator motions inside the scanner, thus, simplifying the procedure work flow and reducing procedure times.
7) The hybrid tracking method allowed for easy deployment of the APT II system on different scanners. The observed MRI-guided needle placement accuracy is sufficient to target clinically significant prostate cancer foci (see Section II-D). The errors and procedure times with the APT II system compare favorably to reported results (average in-plane biopsy error 2.7 mm and average procedure times of 76 min) that we achieved with the active tracking method in clinical trials using the APT-I system [1] , [3] . The hybrid tracking method allows the APT II system to be used on any MRI scanner without extensive systems integration and calibration. More work in optimization of the workflow and improvement of the imaging performance of the biopsy coil to allow reduction of scan time is needed to approach procedure times of ultrasound-guided biopsies, which are currently performed in about 20 min. Further clinical studies are needed to investigate the clinical performance of the reported MR-guided system such as clinical accuracy and cancer yield. 
